INTRODUCTION
Insulin resistance that is a reduced efficacy of insulin in vivo to inhibit hepatic glucose production and to stimulate glucose utilization in skeletal muscle and adipose tissue, is a common characteristic of type 2 diabetes, obesity and metabolic syndrome. At the cellular and molecular levels, many defects of the insulin signaling pathway have been demonstrated. These defects are in the case of obesity essentially the consequence of an excess dietary intake and in the case of type 2 diabetes primitively determined by genetic defects leading to metabolic alterations which are aggravated by environmental factors, including the diet and inactivity. Genetic defects predisposing to type 2 diabetes are under intensive investigation and remain currently essentially unknown. Conversely, the role of environmental factors is better known. Epidemiologic cross sectional and longitudinal studies have demonstrated the deleterious effect of inactivity on insulin sensitivity and the beneficial effect of physical activity to prevent or to reverse insulin resistance. Dietary factors, mainly fat and some types of carbohydrates are strongly suspected to induce or to aggravate insulin resistance in animals as well as in humans. If we consider exclusively fat as a contributor to insulin resistance, it appears that an excess of fat intake and especially an excess of saturated fat intake predisposes to insulin resistance. Animal studies have demonstrated that the quality of fat is as important as its quantity to determine or not insulin resistance. Clearly, n-3 long chain fatty acids contained in fish oils have a protective effect against insulin resistance in rodents fed a high fat diet. Many basic cellular and molecular mechanisms have been discovered which can explain this protective effect. Unfortunately, fish oil dietary supplementation does not reverse insulin resistance in patients with type 2 diabetes. The reasons underlying this discrepancy between animal studies and type 2 diabetics remain obscure even though some hypotheses can be proposed. In vivo studies in healthy humans demonstrate or strongly suggest that n-3 LC-PUFA modulate intermediary metabolism in a way that could help to prevent insulin resistance.
In the present review, we will focus on the following: (a) on the main cellular defects of insulin signaling described during type 2 diabetes and obesity which could be a target for prevention by n-3 LC-PUFA; (b) on the available data suggesting that they could modulate or not intermediary metabolism in vivo in rodents and humans. The specific effects of n-3 LC-PUFA on adipose tissue metabolism and differentiation will not be treated in the present review.
MOLECULAR DEFECTS IN INSULIN-DEPENDENT TISSUES FROM PATIENTS WITH TYPE 2 DIABETES
Type 2 diabetes results from the association of a defect in insulin secretion from ß-cells and insulin resistance in the muscle, adipose tissue and the liver. Muscle is the main peripheral tissue concerned by insulin resistance during type 2 diabetes. Indeed, glucose uptaken by the muscle during hyperinsulinaemia accounts for about 75% of whole body glucose utilization, while glucose uptaken by adipose tissue accounts for 1-2% only. Clearly, insulin signaling is altered in the muscle from obese patients with type 2 diabetes. This alteration is characterized by an abolition, during hyperinsulinaemia, of the stimulation of the phosphorylation of insulin receptor substrate-1 (IRS-1) and of the stimulation of phosphatidyl inositol 3' (PI3 kinase) activity [1] . An impaired insulin action on PI3 kinase activity has also been reported in obese insulinoresistant patients with normal glucose tolerance [2] . These defects are not associated with a reduced expression of the insulin receptor, IRS-1, or the p85 subunit of PI3-kinase [3] . The decrease in PI3 kinase activity is in accordance with a decreased glucose transport since PI3 kinase activity stimulates n-3 fatty acids and insulin resistance 291 glucose transporter GLUT4 translocation. The GLUT4 protein is decreased in slow fibers from the muscle of obese and type 2 diabetics [4] . In addition, in type 2 diabetes, muscle GLUT4 translocation during hyperinsulinaemia has been demonstrated to be reduced by 90% [5] . Alterations of insulin signaling only alter metabolic pathways; signal transduction along the mitogen-activated protein (MAP) kinase pathway is normal [2, 3] .
BODY FAT AND INSULIN SENSITIVITY
Cross-sectionnal [6] and prospective [7] studies have shown an association between obesity and type 2 diabetes. This association is, at least for a part, related to insulin resistance. During obesity, insulin resistance occurs in the liver, muscle and adipose tissue but it is thought that the muscle is the predominant tissue responsible for insulin resistance [8] . Body fatness and visceral adiposity are both independently related to insulin resistance. Visceral obesity is a stronger determinant of the risk of developing insulin resistance than body or subcutaneous increased fat mass. Development of insulin resistance in patients with visceral obesity is attributed to the greater lipolytic activity of omental adipocytes as compared to subcutaneous adipocytes. It has been proposed that the increased delivery of non esterified fatty acids (NEFA) into the portal vein, and then their increased appearance in systemic circulation is, according to the Randle cycle, responsible for the development of insulin resistance. However, insulin resistance is not only related to visceral fat mass but is also independently related to subcutaneous fat mass. This observation strongly suggests that other mechanisms than the portal NEFA delivery are implicated in insulin resistance during visceral obesity. In addition, the physiological responsibility of the Randle cycle in insulin-resistance development has been challenged. For these reasons, new concepts have recently been developed to try to explain physiological and basic mechanisms of insulin-resistance during obesity. The main new concept is that of "ectopic fat storage syndrome". Moreover, adipose tissue known to be an endocrine organ [9] , is currently considered as the primary tissue responsible for insulin-resistance.
Ectopic fat syndrome and insulin resistance

Muscle triglycerides
Strong arguments exist which relate muscle insulin resistance to an excess of triglyceride content in myofibrillar cells [10] . This excess of skeletal muscle triglycerides has been observed in obese and in type 2 diabetics [11, 12] . It results from a metabolic inflexibility of lipid oxidation. In leg muscles, the rate of NEFA uptake has been demonstrated to be similar in obese and lean subjects; Conversely, in the same tissue, fat oxidation was shown to be decreased in the fasting state and increased by insulin stimulation in obese subjects suggesting an operative Randle cycle. Thus, the concept of inflexibility in the modulation of fatty acid oxidation traduces an inappropriate reduction in fat oxidation during overnight fasting leading to triglyceride accumulation in the muscle, and a defective inhibition of fat oxidation during hyperinsulinaemia in accordance with the Randle cycle. In addition, the biochemical characteristics of skeletal muscle in the obese predispose to fat accumulation: citrate synthase, an enzyme of the tricarboxylic cycle activity which is a strong marker of oxidative capacity, is reduced while phosphofructokinase activity, which reflects the glycolytic potential of muscle, is increased in the obese. The ratio of phosphofructokinase/citrate synthase is a strong marker of insulin resistance. In addition, muscle lipoprotein lipase activity is decreased in obesity which is related to a decrease in whole body lipid oxidation [13] . Marker enzymes of the betaoxidation pathway [14] and the activity of carnitine palmitoyl transferase [15] are decreased in the obese. Thus, in obesityrelated insulin resistance, the metabolic capacity of the muscle is oriented towards fatty acid esterification rather than oxidation.
Muscle long chain acyl CoA esters
and insulin resistance In rats, an acute elevation of plasma NEFA concentrations induces a reduction in muscle glycolysis associated initially to an increase in glycogen synthesis, followed after several hours by a decrease in glycogen synthesis [16] . During hyperinsulinaemic clamp, this metabolic situation is associated with insulin resistance, and this is accompanied by both an increase in muscle triglycerides and long chain acyl CoA (LCACoA) esters. An increase in muscle LCACoA of similar magnitude as during NEFA elevation occurred during high fat feeding in rats [17, 18] . In vitro, incubation of isolated soleus strips from rats with fatty acids for 4 h impaired their ability to take up and phosphorylate glucose. The degree of impairment depended on the type of fatty acid and insulin action correlated with the generation of LCACoA in muscle strips during incubation. In addition, when chronic high fat fed rats were given a low fat high glucose diet the day before the clamp studies, insulin resistance was reversed parallel to a decrease in LCACoA. It is noteworthy that during treatment with PPAR-γ agonists (glitazones) which reverse insulin resistance, muscle triglycerides and LCACoA decrease [19] . The following mechanisms can explain the negative effect of LCACoA on insulin sensitivity: inhibition of hexokinase, activation of protein kinase C (PKC), generation of ceramides which inhibit GLUT4 translocation, alteration of trafficking and membrane fusion of vesicles containing GLUT4, modulation of PPAR and hepatic nuclear factor 4 (HNF4) [20] .
Liver fat storage:
nonalcoholic fatty liver disease and "non alcoholic steatohepatitis" Non alcoholic steatohepatitis (NASH) is an increasingly recognized condition frequently associated to obesity, type 2 diabetes and hyperlipidemia [21] . Among patients with NASH, 30 to 100% are obese, 10-75% are type 2 diabetics and 20-92% have dyslipidemia. The association of obesity and type 2 diabetes increases the risk and severity. Epidemiologic studies suggest that nonalcoholic fatty liver disease (NAFLD) predisposes to type 2 diabetes. In the NHANES III population (13 500 US adults aged 17-74 years) [22] , subjects with NAFLD had a two times higher risk to develop type 2 diabetes than counterparts without NAFLD.
A net retention of fatty acids within hepatocytes mostly as triglycerides, precedes histologic features of NASH. Insulin resistance is the most reproducible factor associated or responsible for the development of NASH [23] [24] [25] . It is proposed that insulin resistance leads to fat accumulation via an increased lipolysis associated with hyperinsulinaemia which stimulates fatty acid reesterification and decreases their exportation by decreasing apo B100 synthesis. The progression from simple steatosis to steatohepatitis and fibrosis could result from oxidative stress. The generation of reactive oxygen species may trigger steatohepatitis and fibrosis by three mechanisms: lipid peroxydation, cytokine induction, and induction of the Fas ligand [21] .
Why are lipids stored in excess out of adipose tissue?
Enlarged adipocytes are better correlated with whole body insulin resistance and are resistant to the uptake of glucose. However, these adipoctes even if fat mass is increased are unlikely to explain the whole body defect of glucose uptake because in the post-prandial state adipose tissue uptakes glucose only minimally. Data from Pima Indians show that impaired differentiation and proliferation capacity are a precipitating factor for the development of type 2 diabetes [26] .
One alternative explanation for intracellular lipid accumulation is that whole body n-3 fatty acids and insulin resistance 293 lipid oxidation is decreased which leads to ectopic fat storage (cf. supra).
Lastly, it is possible that the pattern of adipocyte-secreted factors is different between large adipocytes and small newly differentiated adipocytes so that only large or small adipocytes are primarily implicated in the genesis of insulin resistance.
DESATURATION AND ELONGATION OF FATTY ACIDS AND INSULIN ACTION
Patients with obesity or type 2 diabetes are characterized by a different fatty acid composition of serum lipids as compared to healthy lean subjects [27] . This abnormal fatty acid profile is characterized by an increased proportion of palmitic (16:0) and palmitoleic (16:1 n-7) acid, low levels of linoleic acid (18:2 n-6), and a high proportion of dihomo-gamma linolenic acid (20:3 n-6). The contents of arachidonic (20:4 n-6), eicosapentaenoic (20:5 n-3) or docosahexaenoic acids (22:6 n-3) are similar between patients with insulin resistance and healthy subjects. Such an abnormal fatty acid profile in healthy subjects predicts further development of type 2 diabetes [28] . Assuming that the ratio product/precursor is an indicator of desaturase activities, the serum fatty acid pattern of insulin resistant patients traduces high activities of ∆9 and ∆6 desaturases and low activity of ∆5 desaturase [27] . Many studies have shown a positive relationship between polyunsaturated fatty acid composition of muscle phospholipids in humans and insulin sensitivity [27] . The relationship between insulin sensitivity and apparent ∆5 desaturase activity remains unclear. Among the hypotheses, dietary fatty acids could contribute perhaps in association with a genetic predisposition to modulate desaturase activity. An alternative hypothesis is that a primary defect of desaturase activity alters membrane lipid composition. Such an alteration could in turn alter membrane fluidity, the insulin signaling pathway, expression of genes or generate lipid signals (oxidized lipids or eicosanoïds) which interfere with glucose metabolism.
POTENTIAL BENEFICIAL EFFECTS OF LONG CHAIN N-3 FATTY ACIDS
Animal models of insulin resistance
Studies from Storlien's group have demonstrated that the substitution of fish oil (rich in n-3 long chain n-3 fatty acids) for saturated (tallow) or monoinsaturated (olive oil) or polyunsaturated n-6 (safflower oil) high fat diets (60% fat) in rats over 3 weeks completely prevented liver and muscle insulin resistance induced by the diets [16, [29] [30] [31] [32] . We demonstrated [33] that fish oil prevents insulin resistance, when substituted for one third of the amount of safflower oil in a 60% high fat diet in rats, by preventing in the muscle both a decrease in PI3 kinase activity and a decrease in the GLUT4 level induced by the high fat diet. The mechanisms relating dietary n-3 fatty acid substitution to the protection towards insulin resistance remains in part hypothetical. The following mechanisms are likely to be implicated: (a) the decrease in muscle triglyceride content. Indeed, it has been shown that insulin sensitivity is related to muscle triglycerides in rats fed a high fat diet and that muscle triglyceride content is decreased by fish oil [34, 35] ; (b) the decrease in LCFACoA as demonstrated by Neschen et al. [36] ; (c) the decrease in visceral fat mass [37] ; (d) the increase in unsaturation of membrane phospholipids. A strong positive relationship has been shown between the insulin sensitivity of rat muscles and the degree of unsaturation of muscle membrane phospholipids [32] .
Additional data are available concerning the protective effect of n-3 LC-PUFA against high fat diet induced liver insulin resistance in rats. In rats fed a high fat diet, liver insulin resistance occurs and glucose-6-phosphatase is overexpressed and less acutely inhibited by insulin [16, 38] . When fish oil is substituted for saturated or polyunsaturated n-6 in the high fat diet, liver insulin resistance does not occur. N-3 LC-PUFA decrease the activity and the expression of glucose-6-phosphatase, the last enzyme responsible for liver glucose output [39, 40] . Such an inhibiting effect of n-3 LC-PUFA on G6Pase activity could overcome its overactivity and help to restore normal inhibition of hepatic glucose production.
Fish oil also prevents sucrose-induced insulin resistance in rats [41] [42] [43] . However, the results are controversial as to the capacity of fish oil to reverse insulin resistance once installed after a high sucrose diet. D'Alessandro et al. [44] and Soria et al. [45] found that fish oil when substituted for vegetable oil (corn oil) in the diet reversed sucrose-induced insulin resistance. Conversely Podolin et al. [41] found that fish oil was unable to reverse insulin resistance in the same rat model. The reasons for this discrepancy are unclear. The amount of fish oil accounted for 7% of dietary calories in D'Alessandro's work [44] and for 6% in Podolin's work [41] . Thus, it is unlikely that different amounts of fish oil could explain the different effect on insulin-resistance. However the ratio of n-6/n-3 fatty acids of the diet was different because in D'Alessandro's work [44] the 7% fish oil were associated to 1% corn oil in the diet whereas in Podolin's work [41] the 6% fish oil were associated to 6% corn oil in the diet. In addition, Podolin et al. [41] used cod liver as the fish oil with a polyunsaturated-saturated (P:S) ratio of 1.23, while Podolin et al. used menhaden oil with a P:S ratio of 0.88. The duration of administration of the sucrose diet then of fish oil was different between the studies. In studies where fish oil reversed insulin resistance, a sucrose diet was given for 90 days without fish oil to induce insulin resistance then fish oil was given in addition to the sucrose diet over the next 30 days, i.e. from the 90th to the 120th day. In Podolin's work where fish oil did not reverse insulin resistance, the sucrose diet was given over 5 weeks (35 days) to induce insulin resistance then fish oil was added to the sucrose diet over the next 5 weeks (35 days). Since the duration of the high sucrose diet (15 weeks vs. 3-5 weeks) has been demonstrated to induce different degrees of insulin resistance and different metabolic changes in adipocytes [46] , it can be speculated that the different duration of the sucrose diet before fish oil administration induced different metabolic responses.
Human studies
Healthy subjects
With regards to the preventive effect of fish oil on insulin resistance in models of diet-induced insulin resistance and on the lack of a curative effect in patients with type 2 diabetes, it was of interest to evaluate the metabolic effect of fish oil in healthy subjects. We observed [47] that a dietary substitution of 6 g·d -1 of fish oil (1.1 g EPA + 0.7 g DHA·d -1 ) over 3 weeks in healthy young adults studied for 6 h after a 1 g·kg -1 oral glucose load induced a 40% decrease in insulinaemic response without alteration of the glycaemic response. Plasma glucose utilization and endogenous glucose production were not modified by fish oil but whole body carbohydrate oxidation was 35% decreased, fat oxidation was 35% increased and glycogen storage 100% increased. When oral fructose was given, the insulinaemic response was also decreased by fish oil but CHO oxidation was only decreased after the 3rd h. Since fructose metabolism is mainly hepatic and independent of insulin action, the comparison of the effect of fish oil on glucose and fructose suggests that the alteration in the fuel selection resulted mainly from a different oxidative metabolism of muscle resulting from the lower insulinaemic response. Perhaps the most interesting effect was a lower insulinaemic response with regards to a similar glycaemic response which suggests that insulin sensitivity could have been increased. Following the absorption of 9 g n-3 fatty acids and insulin resistance 295 of the same fish oil during 24 h alone did not alter either the insulinaemic response to glucose or fuel selection (unpublished). This suggests that n-3 fatty acid incorporation in membranes is required for the metabolic effects to be observed. It is to note that Vessby et al. observed that introducing 3.6 g·d -1 of n-3 fatty acids in a high monunsaturated or saturated diet in healthy subjects did not alter insulin sensitivity [48] . n-3 LC-PUFA modulate sympathetic activity. Supplementation of the diet with DHA or fish oil for 3 months prevented young students from developing aggression against others at times of mental stress (preparation of final exams [49] and in another similar study in students submitted to the mental stress of preparing final exams decreased plasma norepinephrine concentrations) [50] . Recently, in collaboration with L. Tappy in Lausanne we observed blunting of activation of sympathetic activity during mental stress after 3 weeks of fish oil supplementation in healthy adults [51] . Overall, these results demonstrate that n-3 LC-PUFA supplementation (1.8-2 g·d -1 EPA + DHA) as dietary fish oil modulates strikingly the intermediary metabolism and sympathetic activity in a way that could help to prevent insulin resistance. However, the negative results of the KANWU study [48] suggest that the nature and the amount of other dietary fats in the diet or other unelicidated factors could be important for the observation of the positive effects of fish oil on glucose metabolism.
Patients with type 2 diabetes
Conversely to rats with high fat diet induced insulin resistance, fish oil dietary supplementation does not reverse insulin resistance in patients with type 2 diabetes [52] and does not ameliorate glycaemic control [53] . There is no definitive explanation for this discrepancy, but some hypotheses can be proposed. First, for unclear reasons, fish oil could have only a preventive effect on insulin resistance but not a curative effect. In accordance with this hypothesis, the observation that in rats with a high sucrose diet induced insulin resistance, fish oil prevents but does not reverse insulin resistance [41] . However, as discussed above, two other studies have shown that fish oil reverses sucrose-induced insulin resistance [44, 45] .
Even though a high fat diet mimicks in many aspects insulin resistance of type 2 diabetes, some basic abnormalities may differ between the two situations. Rat metabolism is known to differ from that of human metabolism in many aspects. For example, liver PPAR-α activation in the rat strikingly stimulates peroxisomal proliferation whereas it only has a marginal effect in humans which explains that drugs such as clofibrate, a potent ligand of PPAR-α, has no deleterious proliferative effect in humans. The amount of dietary n-3 LC-PUFA may also contribute to the discrepancy observed between animal and human studies. Indeed, in most studies performed in rats, fish oil accounted for about at least 20% of the weight of the diet absorbed. Assuming a mean daily intake of 30 g of the diet by adult rats, 6 g·d -1 of fish oil is absorbed. Relatively to a mean weight of about 250 g body weight, this corresponds to an intake of 24 g·d -1 of fish oil. Such an amount is two to four times higher than the amount that has been given in type 2 diabetics. In addition, we lack animal studies evaluating the effect of low amounts of dietary n-3 fatty acids on insulin signaling.
Patients with nonalcoholic steatohepatitis
In rats fed a high fat diet, substitution for fish oil in the diet reduces liver triglyceride content [35, 36] . n-3 PUFA exert their effects by coordinately suppressing lipogenesis and upregulating fatty acid oxidation. The induction of lipid oxidation by n-3 PUFA in the liver results from both a reduction in the production of liver malonyl CoA driving entry and oxidation of fatty acids into mitochondria and from an induction of genes encoding proteins involved in fatty acid oxidation and ketogenesis [54] . This effect is explained by the binding of long chain n-3 fatty acids (EPA and DHA) and/or their oxidized fatty acid derivatives to PPAR-α. The activation of PPAR-α by n-3 fatty acids results in the stimulation of genes as CPT and peroxisomal acyl-CoA oxidase [22, [55] [56] [57] [58] [59] .
Dietary n-3 LC-PUFA inhibit lipogenesis by coordinately suppressing the expression of liver glucokinase, pyruvate kinase, glucose-6-phosphate deshydrogenase, citrate lyase, acetyl-CoA carboxylase, fatty acid synthase, stearoyl-CoA desaturase, ∆5 and ∆6 desaturases [22] . This effect of n-3 LC-PUFA is mediated by a posttranscriptional reduction in the hepatic content of SREBP1c [60] . n-3 LC-PUFA could have a beneficial effect on NASH by inhibiting the expression and activity of stearoyl-CoA desaturase (∆9 desaturase). Stearoyl-CoA desaturase (∆9 desaturase) plays a major role in the secretion of VLDL by the liver as suggested by the sharp inhibition of VLDL production after the inhibition of enzymatic activity of the enzyme [61] and in mice KO for the enzyme [62] . ∆9 desaturase is regulated at the molecular level by SREBP-1c [63] . Kim et al. [64] demonstrated that fish oil downregulated ∆9 desaturase expression by inhibiting the synthesis of mRNA of SREBP-1c. Thus, the inhibition of ∆9 desaturase is with its inhibiting effect on lipogenesis and its stimulating effect on fatty acid oxidation another mechanism by which it decreases lipid synthesis and triglycerides in the liver.
In summary, n-3 LC-PUFA may have a beneficial effect to reduce liver steatosis and further steatohepatitis by decreasing malonyl-CoA and upregulating enzymes involved in liver fatty acid oxidation via PPAR-α activation on the one hand and downregulating enzymes involved in liver lipogenesis via the suppression of liver SREBP-1c on the other hand. Studies in humans should assess this potential beneficial effect of n-3 LC-PUFA.
CONCLUSION
In conclusion, n-3 long chain polyunsaturated fatty acids have a potential preventive effect against insulin resistance. In animal models with diet-induced insulin resistance, n-3 LC-PUFA exert their preventive effects at the level of insulin signaling in muscle (PI3-kinase activity, GLUT4 protein) and adipose tissue (GLUT4 protein). In the liver, they decrease steatosis via the inhibition of lipogenesis enzymes and ∆9 desaturase expression and activities (via a decreasing effect on SREBP-1c) and by stimulating fatty acid oxidation (via the activation of PPAR-α). They could induce a decrease in muscle intramyofibrillar triglycerides may be by reorienting fatty acids to adipose tissue via activation of PPAR-γ. Animal models of insulin resistance confirm the protective effect of n-3 LC-PUFA against insulin resistance induced by saccharose or a high fat diet. In addition some studies, but not all, also demonstrate the ability of n-3 LC-PUFA to reverse sucroseinduced insulin resistance in rats, but studies in patients with type 2 diabetes are negative. The reasons for this discrepancy remain unclear. It can be speculated that the amount of fish oil supplementation or basic different alterations of insulin signaling between animal models and type 2 diabetes play a role in this different effect of n-3 LC-PUFA. Studies in healthy subjects are encouraging in that they demonstrate that n-3 LC-PUFA could increase insulin-sensitivity at least in the post-prandial state (oral glucose load) and decrease sympathetic activity stimulation.
